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Description
Technical Field

[0001] The present invention relates to an in vitro
method of inducing bone marrow stromal cells to differ-
entiate into Schwann cells, to the bone marrow stromal
cell-derived Schwann cells, to a pharmaceutical compo-
sition for neural regeneration that comprises them, and
to a method for treatment of neural diseases using the
Schwann cells and the composition.

Background Art

[0002] Damage to the nervous system, and particu-
larly the central nervous system including brain, spinal
cord, and optic nerve is believed to be irreversible, lead-
ing ultimately to the process of degeneration. Traffic ac-
cidents and sports injuries, ischemia, tumors, prolonged
inflammation, cryptogenic degenerative disease and
the like are among the causes of neurological diseases
which occur with a high incidence among the population,
and are of urgent social significance.

[0003] The irreversibility of central nerve damage is
attributed to the glial environment of nerve tissue. The
brain and spinal cord have the same glial environment,
which will now be described using the optic nerve as an
example of a central nerve.

1) First, nerve fibers undergo degeneration and
gradually disappear. During the process, the myelin
sheaths covering the nerves also degenerate leav-
ing cell residues (see Fig. 1b). The myelin sheaths
formed by oligodendrocytes contain substances
which strongly inhibit nerve fiber regeneration and
elongation(1).

2) The astrocytes proliferate and enlarge, resulting
in gliosis (see Fig. 1b). More specifically, they dis-
place the nerve fibers, occupying the primary loca-
tions and thereby physically inhibiting regenera-
tion(2). The astrocytes forming the gliosis exhibit a
morphology contrasting considerably with that of
normal astrocytes, with a greater number of proc-
esses and intricately complex forms. Particularly in
the case of injury, the site of damage shows numer-
ous layers of astrocytes stacked orthogonally to the
direction of extension of the nerve fibers and linked
together at their processes, forming a cap-like bar-
rier structure.

3) Processing of the oligodendrocytes and their cell
residue substances such as myelin after degener-
ation is slower compared to other regenerating tis-
sues such as peripheral nerve system. The main
reason for this is presumably the very low degree
of infiltration of peripheral immune cells such as
macrophages and monocytes, resulting in delayed
processing of the residue in the early stages.
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[0004] The following explanations have been pro-
posed for lack of regeneration of optic nerves.

1) As mentioned above, oligodendrocytes have a
strong inhibiting effect on neural regeneration. Spe-
cifically, the molecule Nogo extracted from oli-
godendrocytes has been shown to be an inhibi-
tor(1.9). Experiments with culturing systems have
shown that during extension of neurites, the proc-
esses contacting with the myelin sheaths of oli-
godendrocytes not only stop extending, but evenre-
gress (contact inhibition). Moreover, neurites do not
extend at myelinated areas, and in culturing the
processes grow to avoid them.

2) Gliotic astrocytes produce various inhibiting sub-
stances, including proteoglycans such as keratin
sulfate and chondroitin sulfate(3).

3) The optic nerves and the entire central nervous
system are exceedingly silent even after suffering
injury. The system is not under immune surveil-
lance, and this is instead considered to be a disad-
vantage for regeneration. For example, the periph-
eral nerve system described hereunder differs from
the optic nerve even in the structure of the glia, and
it has been compared and studied as aregenerating
system even though it is composed of the same
nerve tissue. Upon injury of peripheral nerve tissue,
immune cells such as peripheral macrophages rap-
idly infiltrate (within a few hours to a couple of days)
to process the cell residue. Meanwhile, cytokines
are secreted in large amounts, promoting regener-
ation of the nerve tissue. Such neural regeneration
occurs in concert with a cascade of phenomena
with one reaction leading to another, but no infiltra-
tion of macrophages is seen in the optic nerve in
the early stages. This has been attributed to the
suppression of macrophage activity in the central
nervous system including the optic nerve®). It ap-
pears that this suppressing function arose in order
to prevent macrophage digestion of complex devel-
oped central neural nets. It has therefore been con-
jectured that it is the absence of the first trigger in
the optic nerves that leads to degeneration instead
of regeneration.

4) In order for regeneration to occur, a structural
scaffolding is necessary to induce nerve fibers.
However, once degeneration has occurred in the
optic nerves, the route for regeneration is lost. In
the optic nerves, each oligodendrocyte forms nu-
merous myelin sheaths on the nerve fibers, and as-
trocytes surround the myelinated fibers and cover
the unmyelinated fiber bundles (see Fig. 2, bottom).
The basal membrane is present only outside of the
astrocytes forming the membrana limitans glia, or
in other words, the entire optic nerve may be con-
sidered to be inside a single basal membrane
sheath. In the peripheral nerves, the basal mem-
brane serves as a route for regeneration. Conse-
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quently, once the nerve fibers in the optic nerve
have degenerated, the route which once existed for
each of the nerve fibers is no longer present.

[0005] Yet peripheral nerves, unlike central nerves,
are capable of regeneration.

[0006] Unlike central nerves, the primary cells of the
peripheral nerves are Schwann cells. All of the nerve
fibers, whether myelinated or unmyelinated, are cov-
ered with Schwann cells (see Fig. 2, top). Schwann cells
are derived from neural crest cells, while the central glia
(oligodendrocytes, astrocytes) which act inhibitorily on
neural regeneration are derived from neural tubes, and
therefore the sources of differentiation are different.
[0007] Peripheral nerves are believed to regenerate
in the following fashion.

1) When injury such as a cut is suffered by periph-
eral nerves, Wallerian degeneration occurs at the
peripheral end from the site of injury (see Fig. 3).
The Schwann cells return to an undifferentiated
state from the myelin-forming differentiated type,
and are then activated to divide and proliferate, ex-
hibiting a funicular form. In the peripheral nerves,
the individual nerve fibers are independently sur-
rounded by Schwann cells, with the outer area cov-
ered by a basal membrane (see Fig. 2). That is,
each of the nerves resides within a separate basal
membrane sheath. Thus even when degeneration
occurs, the Schwann cells activated in the basal
membrane sheath proliferate to form a funicular
structure, thus providing a foothold for reconstruc-
tion of the neural network. Wallerian degeneration,
therefore, is not degeneration in the strict sense but
rather the first step toward regeneration.

2) Peripheral macrophages play a major role in the
process of Wallerian degeneration. The macro-
phages infiltrate rapidly at the peripheral end of the
site of injury, processing the remnants of the degen-
erated nerves fibers and myelin (see Fig. 3) while
also secreting cytokines such as IL-1 to activate the
Schwann cells. Although no definite conclusions
can be drawn regarding the cause which induces
filtration of macrophages, the Schwann cells them-
selves have been indicated as a likely candidate. In
any case, it is believed that the Schwann cells acti-
vated by the macrophage signals synthesize vari-
ous factors indispensable for regeneration, such as
nerve growth factor which will be explained below,
and guide regeneration of the nerve.

3) The myelin sheaths of Schwann cells have a low
inhibitory effect®). This is a major difference from
the myelin of oligodendrocytes which does exhibit
an inhibitory effect. In addition, it is known that the
composition of the myelin protein of Schwann cells
and oligodendrocytes differs.

[0008] Thus, evenwhen injured, the central glia do not
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revert back to their differentiated state to undergo differ-
entiation and proliferation or significantly alter their form,
as do the Schwann cells of the peripheral nerves, but
instead maintain their relatively differentiated pheno-
type. The peripheral nerves on the other hand are char-
acterized by exhibiting a rapid, highly flexible response
to injury.

[0009] Schwann cells are considered to play the fol-
lowing role in neural regeneration.

[0010] Schwann cells produce numerous factors and
secrete them in a diffuse manner. Moreover, their own
cell membrane surfaces are covered with a basal mem-
brane, and extracellular matrix components are includ-
ed therein. Cell adhesion molecules are also known to
be expressed in Schwann cell membranes, and it is
thought that these factors act as a whole to induce neu-
ral regeneration (see Fig. 4).

1. Secreted factors

[0011] Schwann cells are known to produce many
neurotrophic factors, among which the following are the
main ones involved in regeneration: 1) the neurotrophin
family, including nerve growth factor, brain-derived neu-
rotrophic factor, neurotrophin-3, neurotrophin-4/5; 2) cil-
iary neurotrophic factor; 3) the FGF family, including
acidic and basic fibroblast growth factor; 4) the insulin
family, including insulin-like growth factor-1 and Il; and
5) transforming growth fator-f2 and 3.

[0012] These neurotrophins have powerful effects not
only on the survival of neurons but also on neurite elon-
gation and the like. other factors also have neurotrophic
effects and neurite elongating effects on nerves, but
their action mechanisms are considered to be autocrinic
since they simultaneously activate the Schwann cells
themselves.

2. Extracellular matrix components

[0013] These include fibronectin, laminin, type IV col-
lagen and tenascin. Based on experiments with cultured
systems, it is believed that fibronectin and laminin play
a supporting role in neural regeneration.

3. Cell adhesion molecules

[0014] A large number of cell adhesion molecules
have been identified. The following description will focus
on those associated with Schwann cells and neural re-
generation.

1) Immunoglobulin superfamily

[0015] NCAM (Neural Cell Adhesion Molecule) and
L1 are expressed on Schwann cell membranes and play
important roles as adhesion molecules during elonga-
tion of the nerve fibers as they contact with the Schwann
cell scaffolding. Both are connected to the cytoskeleton
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and function to maintain the shape of the cell, while also
accomplishing intracellular activation through inositol
phosphate system and calcium channel activation. In
addition, MAG (Myelin Associated Glycoprotein) is ex-
pressed between Schwann cells after nerve elongation
has progressed to some degree and remyelination of
the nerve fibers has begun.

2) Cadherin superfamily

[0016] Cadherins are calcium-dependent cell adhe-
sion molecules of which numerous types have been
identified. N-cadherin is associated particularly with
neural regeneration. Like NCAM and L1 of the immu-
noglobulin superfamily, this molecule also plays an im-
portant role during elongation of the nerve fibers as they
contact with and recognize Schwann cells.

3) Integrin superfamily

[0017] Integrins are cellular receptors for the afore-
mentioned extracellular matrix components. They are
heterodimeric molecules composed of two subunits, o
and B. Like cadherins, they are also thought to link with
the cytoskeleton and function directly in signal transduc-
tion between cells. Schwann cells express the o4 sub-
type which plays a role in the process of remyelination
during regeneration.

[0018] Regeneration of central nerves has been at-
tempted in the past several decades or so by numerous
researchers. The following is a summary of those at-
tempts.

1) Regeneration has been achieved by cutting por-
tions of peripheral nerves of the hand or foot and
autografting them into the central nerves. Thus, pe-
ripheral nerves presumably possess an environ-
ment which promotes regeneration of central
nerves. Such studies began with research by
Aguayo et al. in Canada in 1983(8),

2) As mentioned above, the central nerves them-
selves act to suppress neural regeneration. Reports
have been published on the inhibiting effects of pre-
viously known myelin-related proteins, including
Nogo factor which was described in 2000 in the jour-
nal Nature(®). According to several reports, intro-
ducing antibodies against these factors to neutral-
ize them can induce some degree of regeneration
in the central nerves.

3) Regeneration is promoted by the following two
types of cell transplantation.

a) Replenishment of degenerated neurons to
reconstruct the neural network. This approach
employs neuronal stem cells and embryonic
neurons.

b) Reconstruction by transplantation of cells ca-
pable of inducing neural regeneration (glial
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cells), instead of replenishing the actual neu-
rons. It has been attempted to use peripheral
nerve-derived Schwann cells, central nerve-
derived glial cells or central nerve-derived
ependymal cells, having neurotrophic factors
introduced, olfactory nerve-derived support
cells, neuronal stem cells and the like.

[0019] Both methods have advantages and disadvan-
tages, but as yet no revolutionary method has been de-
veloped.

[0020] The present inventors have for many years
been involved in development of methods of neural re-
generation and reestablishment of function. We have fo-
cused particularly on a method employing Schwann
cells which support the tissue structure of peripheral
nerves as described in 3)-b) above. Schwann cells are
present in peripheral nerves, and it has been demon-
strated that they are capable of inducing regeneration
not only of their own peripheral nerve tissue but also of
the central nervous system, that their transplantation at
sites of injury provides a foothold for regenerating fibers
and leads to effective neural regeneration, and that my-
elin which is responsible for neural saltatory transmis-
sion as an indispensable element for normal nerve func-
tioning can also be reconstructed by transplantation of
Schwann cells. It has also been confirmed in animal ex-
periments that transplantation of Schwann cells leads
to regeneration of cut optic nerves, (central nervous sys-
tem).

[0021] Nevertheless, various difficulties are encoun-
tered when the relatively simple procedure of collecting
and culturing Schwann cells in animal experiments is
applied to humans. For example, since Schwann cells
are present in the peripheral nerves, it is necessary to
extract nerve samples from the hands or feet and isolate
the cells, thereby leaving damage in the donor after ex-
traction. As an additional difficulty, the limited proliferat-
ing ability of adult-derived Schwann cells requires a
greater time period for large-scale culturing. Moreover,
neural crest cells, which are believed to differentiate into
Schwann cells, can only be extracted from embryonic
peripheral nerves.

[0022] This situation has therefore necessitated pro-
vision of a natural Schwann cell substitute which can be
used for neural regeneration treatment and can be ob-
tained in large amounts by culturing.

[0023] Neuronal stem cells have been found in por-
tions of the adult brain, and these differentiate into the
neurons, astrocytes, oligodendrocytes, etc. of the nerv-
ous system (see Fig. 5). However, only a very minute
number of such stem cells are present, and craniotomy
is necessary to obtain them. In addition, recent research
has shown, contrary to germ layer theory, that some
types of cells may be able to differentiate into completely
different types (see Fig. 6). As of the filing of the present
application it has been known that bone marrow stromal
cells are mesenchymal stem cells or precursor cells that
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not only carry out a hemopoietic support function but can
themselves differentiate into osteoblasts, vascular en-
dothelial cells, skeletal muscle cells, adipocytes,
smooth muscle cells and the like(10); nevertheless, no
literature exists suggesting the possibility that bone mar-
row stromal cells might be capable of differentiating into
neural crest cell-derived Schwann cells, nor has any
method for such differentiation or induction been estab-
lished.

[0024] In light of this situation, the present inventors
have attempted experimentation and research on differ-
entiation and induction to Schwann cells using bone
marrow stromal cells instead of neural crest cells that
are so difficult to obtain, as mentioned above. Bone mar-
row stromal cells are easy to extract by bone marrow
puncture on an outpatient basis and have high prolifer-
ation potency, and thus allow large-scale culturing in a
relatively short period of time.

Disclosure of the Invention

[0025] As a result of repeated experimentation, the
present inventors are the first to have succeeded in in-
ducing differentiation of bone marrow stromal cells into
Schwann cells with a high degree of efficiency by a
multistage operation. Moreover, it was confirmed that
actual regeneration and elongation of nerves occurred
upon transplanting the bone marrow stromal cell-de-
rived Schwann cells obtained by the differentiation in-
ducing method into damaged optic nerves (central nerv-
ous system), and the present invention was thus com-
pleted.

[0026] The present invention therefore provides a
method of inducing bone marrow stromal cells to differ-
entiate into bone marrow stromal cell-derived Schwann
cells in vitro, comprising the steps of:

(1) collecting bone marrow stromal cells from bone
marrow and culturing the cells in a standard essen-
tial culture medium supplemented with a serum;
(2) adding a reducing agent to the culture medium
and further culturing the cells;

(3) adding a differentiation inducing agent to the cul-
ture medium and further culturing the cells; and
(4) adding a cyclic AMP-augmenting agent or a cy-
clic AMP analogue and/or a glial cell differentiation
and survival stimulating factor to the culture medi-
um, and further culturing the cells to obtain the bone
marrow stromal cell-derived Schwann cells.

[0027] The invention further provides bone marrow
stromal cell-derived Schwann cells obtained by the
aforementioned method and a pharmaceutical compo-
sition for neural regeneration comprising the bone mar-
row stromal cell-derived Schwann cells. The invention
still further provides a method of treating neural disease
by transplanting the aforementioned bone marrow stro-
mal cell-derived Schwann cells or a pharmaceutical
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composition for neural regeneration comprising them in-
to a patient with neural disease to promote regeneration
of the neural cells with which the disease is associated.

Brief Description of the Drawings

[0028]

Fig. 1 is an illustration of the changes which occur
in optic nerve glial cells after injury. Here, Fig. 1a
shows the state of a normal optic nerve, and Fig. 1b
shows the state of an injured optic nerve.

Fig. 2 is an illustration of the structural differences
between peripheral nerves and central nerves (in-
cluding optic nerves).

Fig. 3 is an illustration of Wallerian degeneration of
a peripheral nerve. The normal nerve fiber is en-
sheathed by Schwann cells, and the exterior further
covered by a continuous basal membrane (Fig. 3a).
Upon injury, the peripheral end of the nerve fiber
degenerates into myelin remnants which are proc-
essed by approaching macrophages (Fig. 3b), and
after processing of the remains, activated Schwann
cells proliferate inside the tube of the remaining ba-
sal membrane (Fig. 3c), leading to remyelination to
complete the regenerated nerve fiber (Fig. 3d).
("Peripheral Nerve Injury and Repair", translation
supervised by Y. Ikuta, Yodogawa Publications, Fig.
5.1, revised 1991.)

Fig. 4 is an graphical listing of neurotrophic factors
associated with Schwann cells. Schwann cells pro-
duce secreted factors, extracellular matrix compo-
nents and cell adhesion molecules, which work in
concert for regeneration.

Fig. 5 is a schematic diagram for differentiation of
neural cells.

Fig. 6 is an illustration of differentiation whereby,
contrary to germ layer theory, certain cells may be
induced into completely different cell types.

Fig. 7 is a composite of immunofluorescent photo-
graphs in lieu of a drawing, showing the features of
bone marrow stromal cells before differentiation has
been induced.

Fig. 8 is a composite of immunofluorescent photo-
graphs in lieu of a drawing, showing the features of
bone marrow stromal cell-derived Schwann cells
compared to natural Schwann cells.

Fig. 9 is a composite of micrographs (phase con-
trast micrograph) in lieu of a drawing, showing the
features of bone marrow stromal cell-derived
Schwann cells obtained by the differentiation induc-
ing method of the invention, compared to natural
Schwann cells.

Fig. 10 is a composite of micrographs (phase con-
trast micrograph) in lieu of a drawing, showing the
morphology of bone marrow stromal cell-derived
Schwann cells obtained by the differentiation induc-
ing method of the invention and cells obtained by
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the same method with some of the steps omitted,
compared to natural Schwann cells and natural
bone marrow stromal cells.

Fig. 11 is a flow chart summary of the differentiation
inducing method of the invention.

Fig. 12 is a pair of immunohistological confocal la-
ser micrographs in lieu of a drawing, showing re-
generation of an optic nerve after transplantation of
bone marrow stromal cell-derived Schwann cells,
using GAP43 as the indicator.

Fig. 13 is a pair of immunohistological confocal la-
ser micrographs in lieu of a drawing, showing re-
generation of an optic nerve after transplantation of
bone marrow stromal cell-derived Schwann cells,
using FITC, TexRed and Alexa633 as indicators.
Fig. 14 is an immunohistological confocal laser mi-
crograph in lieu of a drawing, showing regeneration
of a sciatic nerve after transplantation of bone mar-
row stromal cell-derived Schwann cells, using
GAP43 as the indicator.

Fig. 15 is a set ofimmunohistological confocal laser
micrographs in lieu of a drawing, showing regener-
ation of sciatic nerve after transplantation of bone
marrow stromal cell-derived Schwann cells, using
GFP, neurofilament and MAG.

Fig. 16 is a pair of immunohistological confocal la-
ser micrographs in lieu of a drawing, showing re-
generation of sciatic nerve after transplantation of
bone marrow stromal cell-derived Schwann cells,
using GFP, neurofilament and MAG.

Fig. 17 is another pair of immunohistological confo-
cal laser micrographs in lieu of a drawing, showing
regeneration of sciatic nerve after transplantation of
bone marrow stromal cell-derived Schwann cells,
using GFP, neurofilament and MAG.

Fig. 18 is another pair of immunohistological confo-
cal laser micrographs in lieu of a drawing, showing
regeneration of sciatic nerve after transplantation of
bone marrow stromal cell-derived Schwann cells,
using GFP, neurofilament and MAG.

Detailed Description of the Invention

[0029] According to one mode of the present inven-
tion there is provided a method of inducing bone marrow
stromal cells to differentiate into bone marrow stromal
cell-derived Schwann cells in vitro, comprising the steps
of:

(1) collecting bone marrow stromal cells from bone
marrow and culturing the cells in a standard essen-
tial culture medium supplemented with a serum;
(2) adding a reducing agent to the culture medium
and further culturing the cells;

(3) adding a differentiation inducing agent to the cul-
ture medium and further culturing the cells; and
(4) adding a cyclic AMP-augmenting agent or a cy-
clic AMP analogue and/or a glial cell differentiation
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and survival stimulating factor to the culture medi-
um, and further culturing the cells to obtain the bone
marrow stromal cell-derived Schwann cells.

[0030] The density of the cells in step (1) may be 50%
confluency, and the cells are preferably subcultured to
four generations.

[0031] The standard essential culture medium may be
Minimum Essential Medium Eagle Alpha Modification
(M4526, Sigma) and the serum may be fetal calf serum
(14-501F, Lot #61-1012, BioWhittaker Co.). The serum
may be added to a concentration of 20%. The reducing
agentis an SH reagent, and the SH reagent is preferably
B-mercaptoethanol (214-18, Lot# MOM7582, Nacalai
Tesque). The concentration of the reducing agent may
be 1 nM to 10 mM, preferably 10 nM to 5 mM and more
preferably 100 uM to 2 mM. The culturing time in step
(2) may be 1 hour to 5 days, preferably 12-48 hours and
more preferably 18-30 hours. The aforementioned rea-
gent concentration is the concentration in the culture
medium with which the cells are in direct contact (same
for reagents referred to hereunder).

[0032] The differentiation inducing agent may be
retinoic acid (all-trans) (R-2625, Sigma). The differenti-
ation inducing agent concentration may be 0.001 ng/ml
to 1 ug/ml, preferably 1 ng/ml to 200 ng/ml and more
preferably 10 ng/ml to 60 ng/ml. In step (3), the culture
medium used in step (2) may be exchanged with fresh
differentiation inducing agent-containing medium after
step (2) has been completed. The fresh culture medium
is identical to the culture medium used in step (1) except
that it contains the differentiation inducing agent. The
culturing time for step (3) may be 1 hour to 30 days, pref-
erably 12 hours to 7 days and more preferably 2-4 days.
[0033] The cyclic AMP-augmenting agent or cyclic
AMP analogue may be forskolin (344273, Calbiochem).
The concentration of the cyclic AMP-augmenting agent
or cyclic AMP analogue may be 0.001 ng/ml to 100 ug/
ml, preferably 100 ng/ml to 50 ug/ml and more prefera-
bly 1 ug/ml to 10 ug/ml.

[0034] The glial cell differentiation and survival stim-
ulating factor may be one selected from the group con-
sisting of neuregulin, platelet-derived growth factor-AA
(396-HB, Peprotech EC, Ltd.), basic fibroblast growth
factor (100-18B, Peprotech EC, Ltd.) or mixtures there-
of. Neuregulin is available as Heregulin™ (396-HB,
R&D Corp.) The concentration of the glial cell differen-
tiation and survival stimulating factor may be 0.001 ng/
ml to 100 pg/ml, with a concentration of preferably 0.1
ng/ml to 100 ng/ml and more preferably 1 ng/ml to 10
ng/ml for platelet-derived growth factor-AA, and a con-
centration of preferably 10 ng/ml to 1 pg/ml and more
preferably 100 ng/ml to 300 ng/ml for basic fibroblast
growth factor. The culturing time in step (4) may be 1
hour to 30 days, and preferably 4 to 10 days.

[0035] According to another mode of the invention
there are provided bone marrow stromal cell-derived
Schwann cells obtained by the aforementioned differen-
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tiation inducing method.

[0036] Accordingto yetanother mode of the invention
there is provided a pharmaceutical composition for neu-
ral regeneration comprising bone marrow stromal cell-
derived Schwann cells.

[0037] According to yet another mode of the invention
there is provided a method of treating neural disease by
transplanting the aforementioned bone marrow stromal
cell-derived Schwann cells or a pharmaceutical compo-
sition for neural regeneration comprising them into a pa-
tient with neural disease to cause regeneration of the
neural cells with which the disease is associated.
[0038] Throughout the present specification, the term
"bone marrow stromal cells" refers to cells in the bone
marrow which are not of the hemopoietic system and
are considered capable of differentiating to cells of the
bone, cartilage, etc. Bone marrow stromal cells are pos-
itive for Thy1.2 and (B1-integrin) and negative for CD34,
as shown in the immunofluorescent photographs of Fig.
7. They may be positive or negative for S-100 (calcium-
binding protein). Antibodies for Thyl.2, B1-integrin and
CD34 were used.

[0039] Throughout the present specification, the term
"natural Schwann cells" refers to Schwann cells collect-
ed from the peripheral nerves of living bodies, namely
dorsal root ganglions. As seen in the upper immunoflu-
orescent photograph of Fig. 8, they are positive for S-
100.

[0040] Throughout the present specification, the term
"bone marrow stromal cell-derived Schwann cells" re-
fers to Schwann cells which (1) closely resemble natural
Schwann cells in morphology and do not revert to the
form of bone marrow stromal cells by subculturing, (2)
exhibit the same reaction as Schwann cells with respect
to P75 (nerve growth factor (NGF) receptor, low affinity),
S-100, GFAP (glial fibrillary acidic protein, a type of in-
termediate filament), nestin (a type of intermediate fila-
ment) and 04 (a marker for myelin-producing cells such
as Schwann cells and oligodendrocytes) based on im-
munostaining as shown in the lower immunofluorescent
photographs of Fig. 8, and (3) have features similar to
natural Schwann cells in their neurogenic ability, but can
be distinguished from natural Schwann cells due to their
distinct differentiation histories. Antibodies for P75, S-
100, GFAP, nestin and 04 were obtained from the fol-
lowing sources: Anti-nerve growth factor-receptor, Boe-
hringer Mannheim, 1198645; Anti-S-100, z-311, Dako
Corp.; Anti-glial fibrillary acidic protein, L-1812, Dako
Corp.; Anti-nestin, BMS4353, Bioproducts; Anti-04,
1518925, Boehringer Mannheim.

[0041] Bone marrow was treated in multistages ac-
cording to the invention, as shown in the micrograph of
Fig. 9.

[0042] Stromal cells (right upper and lower photo-

graphs in Fig. 9) exhibit the same morphology as natural
Schwann cells (left photograph in Fig. 9).

[0043] Fig. 10 shows the morphology of bone marrow
stromal cells obtained by the method of inducing differ-

10

15

20

25

30

35

40

45

50

55

entiation of bone marrow stromal cells according to the
invention, without steps (2) to (4) or some of the rea-
gents used therein. The micrograph at the upper left in
Fig. 10 shows natural Schwann cells. The micrograph
at the lower right shows bone marrow stromal cells be-
fore treatment. The top center micrograph shows results
by the method of inducing differentiation of bone marrow
stromal cells according to the invention conducted with-
out omission of steps (2) to (4), and it is seen that the
method of the invention produced cells exhibiting a mor-
phology similar to natural Schwann cells. The micro-
graph at the upper right was obtained with omission of
step (4), and the micrographs at the lower left and bot-
tom center were taken without the differentiation induc-
ing agent retinoic acid and without forskolin in step (3)
and step (4), respectively.

[0044] It was thus demonstrated that the multistage
treatment described in steps (2) to (4) above induces
differentiation of bone marrow stromal cells into bone
marrow stromal cell-derived Schwann cells with high ef-
ficiency.

[0045] The term "high efficiency" as used throughout
the present specification means that the differentiation
inducing method of the invention converts a high pro-
portion of the original bone marrow stromal cells into the
final bone marrow stromal cell-derived Schwann cells.
The high efficiency of the differentiation inducing meth-
od of the invention is 50% or greater, preferably 75% or
greater, more preferably 90% or greater and most pref-
erably 95% or greater. Although each of the individual
steps described above have been known, the selection
and optimum combination of the steps as according to
the present invention were first discovered by the
present inventors, and the discovery is highly signifi-
cant. Specifically, while it was known that bone marrow
stromal cells are mesenchymal stem cells or precursor
cells that are capable of being induced to differentiate
into osteoblasts, vascular endothelial cells, skeletal
muscle cells, adipocytes, smooth muscle cells and the
like, as explained above, it was not known whether bone
marrow stromal cells could actually be differentiated into
neural crest cell-derived Schwann cells, and no party
had successfully achieved this despite a strong desire
to do so. The present inventors, though not wishing to
be constrained by any theory, conjecture that the treat-
ment with a reducing agent in step (2) produces a shock
on the cells while the treatment with retinoic acid in step
(3) resets the cells, after which the treatment with a cy-
clic AMP-augmenting agent or cyclic AMP analogue and
a glial cell differentiation and survival stimulating factor
in step (4) induces differentiation of the cells.

[0046] Bone marrow stromal cells may be collected
and subjected to treatment involving multiple steps ac-
cording to the present invention, to induce their differ-
entiation into cells having the same features as natural
Schwann cells with respect to neurogenic ability, with
high efficiency. By transplanting the bone marrow stro-
mal cell-derived Schwann cells into the peripheral and
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central nervous system, it has become possible to in-
duce regeneration and elongation of injured nerves.
[0047] As explained above, the fact that natural
Schwann cells must be collected from peripheral nerves
presents a difficulty for application to humans. Bone
marrow stromal cells, on the other hand, are easy to ob-
tain without damaging the human body. Moreover, since
the cells have a high rate of growth and can therefore
be supplied rapidly in large amounts, the present inven-
tion makes possible a wider application of bone marrow
stromal cells for a variety of nervous system disorders.
[0048] Another major advantage afforded by bone
marrow stromal cells is their suitability for autologous
transplantation. Collecting one's own bone marrow stro-
mal cells, inducing them to differentiate and transplant-
ing the differentiated cells into nerves produces no re-
jection reaction and therefore requires no immunosup-
pressants or the like, which should allow regeneration
to be achieved in a more stable manner. Since bone
marrow stromal cells can also be obtained from bone
marrow banks, this method is also practical from the
standpoint of supply.

[0049] As will be apparent by the examples provided
below, the bone marrow stromal cell-derived Schwann
cells of the present invention are considered widely ap-
plicable for regeneration of peripheral nerves or central
nerves. According to one mode, therefore, the invention
provides the bone marrow stromal cell-derived
Schwann cells themselves. Due to their different in-
duced differentiation histories as mentioned above, they
are artificially modified cells which are distinct from nat-
ural Schwann cells. According to another mode, the in-
vention provides the bone marrow stromal cell-derived
Schwann cells in the form of a pharmaceutical compo-
sition for neural regeneration. The bone marrow stromal
cell-derived Schwann cells of the invention are suitable
for autologous transplantation as explained above, but
they may also be allogenically transplanted. This is be-
cause the cells of the nervous system are not as sus-
ceptible toimmune system attack, and rejection reaction
can therefore be avoided by using donor cells with
matching histocompatibility antigens from a bone mar-
row bank. The pharmaceutical composition may also
contain common pharmaceutically acceptable carriers,
buffers, salts, excipients and the like. The composition
may be injected into the affected site directly or it may
be filled into a hollow tube for transplantation at the site
of a severed central or peripheral nerve.

[0050] Although peripheral nerves intrinsically are ca-
pable of regeneration, it is known that they cannot re-
generate over gaps of several centimeters; such cases
are also considered to be included among the practical
applications to peripheral nerves.

[0051] Central nerve conditions wherein reconstruc-
tion is considered impossible encompass a wide gamut
of different conditions, including injury-related spinal
cord damage or cerebrovascular damage and diseases
ranging from blinding glaucoma to degenerative diseas-
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es such as Parkinson's, which have a high estimated
incidence rate among the population. The pharmaceu-
tical composition of the invention may be used for re-
generation of many and various types of central nerves.
Research on methods of neural regeneration for the
aforementioned conditions is an urgent social need, and
the present invention is believed to have direct applica-
tion for the human body.

[0052] The invention will now be explained in greater
detail through the following examples, with the under-
standing that the examples are in no way limitative on
the scope of the invention.

EXAMPLES
Example 1: Induced differentiation of bone marrow

stromal cells to bone marrow stromal cell-derived
Schwann cells

[0053] Fig. 11is aflow chart summary of the treatment
process for inducing differentiation.

[0054] Stromal cells were extracted from the bone
marrow of adult rats (Wistar rats) and cultured. The cul-
ture medium used was Minimum Essential Medium Ea-
gle Alpha Modification supplemented with 20% fetal calf
serum. After subculturing to four generations to reach
50% confluency, B-mercaptoethanol was added to a 1
mM concentration to the culture solution for a period of
24 hours. The medium was then exchanged with medi-
um containing 35 ng/ml retinoic acid. The latter culture
medium was also Minimum Essential Medium Eagle Al-
pha Modification supplemented with 20% fetal calf se-
rum. After 3 days, the culture medium was again ex-
changed with medium containing 5 uM forskolin, 5 ng/
ml platelet-derived growth factor-AA, 10 ng/ml basic fi-
broblast growth factor and 200 ng/ml Heregulin™. The
cells were immunostained after 7 days. Based on reac-
tion with antibodies for P75, 04, S-100, GFAP and nes-
tin, the cells exhibited reactivities equivalent to natural
Schwann cells (see Fig. 8). The bone marrow stromal
cells had been induced to be morphologically similar to
natural Schwann cells (see Fig. 9).

Example 2: Regeneration of central nerve (severed

optic nerve

[0055] The cells obtained in Example 1 were collected
by trypsin treatment and combined with mouse EHS tu-
mor-derived Matrigel extracellular matrix (40234A, Col-
laborative Biomedical Products), and were then trans-
planted after being packed into artificial tubes (HIP10-43
Hollow fiber cartridge, Amicon) which were then sutured
to severed optic nerves (central nervous system) of
adult rats (Wistar).

[0056] Fig. 12 shows the results with GAP43 (Growth
Associated Protein-43, a protein expressed during
growth and elongation of nerve fibers) labeling, 10 days
after transplantation. The blue arrows indicate the graft
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origins and the red arrows indicate the regenerating fib-
er tips. Significant elongation of nerve fibers is seen with
the differentiation-induced bone marrow stromal cells
(right) compared to the untreated bone marrow stromal
cells (left). The nerve fiber elongation distance and
number of fibers increased with the number of weeks.
[0057] The results at the third week after grafting are
shown in Fig. 13. Here, FITC shown in green is the im-
munobhistological detection of anterograde labeled fib-
ers obtained by injecting choleratoxin subunit B into the
vitreous body in order to specifically label only the optic
nerve fibers, and it shows regeneration of nerve fibers
in the artificial tubes. TexRed shown in red represents
the cultured bone marrow stromal cells pre-labeled with
Brd-U. Alexa663 shown in blue represents MAG (Mye-
lin-Associated Glycoprotein). Regeneration of the optic
nerves was observed in the artificial tubes packed with
bone marrow cells, and upon contacting these with the
Brd-U labeled bone marrow stromal cells, formation of
myelin was confirmed.

Example 3: Regeneration of peripheral nerve (sciatic

nerve)

[0058] The sciatic nerves of adult rats (Wistar rats)
were severed and inoculated with artificial tubes packed
with differentiation-induced bone marrow stromal cells.
[0059] Fig. 14 shows the results with GAP43 (Growth
Associated Protein-43) labeling, 7 days after transplan-
tation. The blue arrows indicate the graft origins and the
red arrows indicate the regenerating fiber tips. The
nerve fibers are seen to be elongated with the differen-
tiation-induced bone marrow stromal cells (right) com-
pared to the Matrigel (extracellular matrix) alone (left).
The nerve fiber elongation distance and number of fib-
ers increased with the number of weeks.

[0060] The results at the fourth week after grafting are
shown in Fig. 15. Here, GFP (Green Fluorescent Pro-
tein) shown in green represents the bone marrow stro-
mal cells illuminated by introducing the green fluores-
cent protein gene (GFP) using a retrovirus, MAG shown
in blue represents myelin protein, and Neurofilament
shown in red represents regenerated nerve fibers. Fig.
15 clearly shows excellent regeneration of the sciatic
nerve by the fourth week after transplantation.

[0061] Fig. 16, Fig. 17 and Fig. 18 show the results of
regeneration of sciatic nerves by the fourth week after
transplantation. GFP shown in green represents bone
marrow stromal cells illuminated by introduction of the
green fluorescent protein gene, MAG shown in blue rep-
resents detection of the myelin protein MAG using the
fluorescent marker Alexa633, and Neurofilament shown
in red represents regenerated nerve fibers detected us-
ing the red fluorescent marker Alexa546. Figs. 16 to 18
clearly indicate total regeneration of the sciatic nerves
(peripheral nerves) by the fourth week after transplan-
tation. Thatis, itis seen that the regenerated fibers (neu-
rofilament) contacted with the bone marrow stromal
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cells illuminated green with GFP, and that the bone mar-
row stromal cells expressed the myelin protein MAG to
form myelin.
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Claims
1. A method of inducing bone marrow stromal cells to
differentiate into bone marrow stromal cell-derived

Schwann cells in vitro, comprising the steps of:

(1) collecting bone marrow stromal cells from
bone marrow, and culturing said cells in a
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standard essential culture medium supple-
mented with a serum;

(2) adding a reducing agent to said culture me-
dium, and further culturing said cells;

(3) adding a differentiation inducing agent to
said culture medium, and further culturing said
cells; and

(4) adding a cyclic AMP-augmenting agent or
a cyclic AMP analogue, and/or a differentiation,
survival and growth stimulating factor which
acts on nerves and glial cells to said culture me-
dium, and further culturing said cells to obtain
said bone marrow stromal cell-derived
Schwann cells.

The method as defined in claim 1, wherein said
standard essential culture medium is an Eagle's al-
pha modified minimum essential medium.

The method as defined in claim 1, wherein said se-
rum is fetal calf serum.

The method as defined in claim 1, wherein said re-
ducing agent is an SH reagent.

The method as defined in claim 4, wherein said SH
reagent is f-mercaptoethanol.

The method as defined in claim 1, wherein the con-
centration of said reducing agent is between 1 nM
and 10 mM.

The method as defined in claim 1, wherein the cul-
turing time in step (2) is between 1 hour and 5 days.

The method as defined in claim 1, wherein said dif-
ferentiation inducing agent is retinoic acid.

The method as defined in claim 1, wherein the con-
centration of said differentiation inducing agent is
between 0.001 ng/ml and 1 pug/ml.

The method as defined in claim 1, wherein the cul-
turing time in step (3) is within 30 days.

The method as defined in claim 1, wherein said cy-
clic AMP-augmenting agent or cyclic AMP analogue
is forskolin.

The method as defined in claim 1, wherein the con-
centration of said cyclic AMP-augmenting agent or
cyclic AMP analogue is between 0.001 ng/ml and
100 pg/ml.

The method as defined in claim 1, wherein said glial
cell differentiation and survival stimulating factor is
selected from the group consisting of neuregulin,
platelet-derived growth factor-AA, basic fibroblast
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18
growth factor, and mixtures thereof.

The method as defined in claim 13, wherein said
neuregulin is Heregulin, a subtype of the same.

The method as defined in claim 1, wherein the con-
centration of said glial cell differentiation and sur-
vival stimulating factor is between 0.001 ng/ml and
100 pg/ml.

The method as defined in claim 1, wherein the cul-
turing time in step (4) is within 30 days.

Bone marrow stromal cell-derived Schwann cells
obtained by the method as defined in any one of
claims 1 to 16.

Bone marrow stromal cell-derived Schwann cells.

A pharmaceutical composition for neural regenera-
tion, comprising bone marrow stromal cell-derived
Schwann cells as defined in claim 17 or 18.

A method of treating neural disease by transplant-
ing Schwann cells as defined in claim 17 or 18 or a
pharmaceutical composition as defined in claim 19
into a patient with neural disease to promote regen-
eration of the neural cells with which the disease is
associated.
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Fig.11
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Fig.12
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Fig.14
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Fig18

Sciatic nerve-4 weeks after MSC transplantation

\ 1Y ) ’
d o
-

O

I MSC Alexa633
- Alexa633 : MAG Alexa546 : Neurofilament

27



EP 1 405 906 A1

Intemational application No.

PCT/JP02/06249

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
Int.Cl” C12N5/18, A61K35/30, A61P25/00, A61P43/00, A61L27/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
Int.Cl” C12N5/18, A61K35/30, A61P25/00, A61P43/00, A61L27/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
WPI (DIALOG), BIOSIS({DIALOG), JICST FILE(JOIS), MEDLINE (STN)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* _ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

DEZAWA, M. et al., Sciatic nerve regeneration in rats 1-18
induced by transplantation of in vitro differentiated
bone-marrow stromal cells. Eur.J.Neurosci., 2001

Dec., Vol.1l4, No.l1ll, pages 1771 to 1776

pP,X

A Kopen, G.C. et al., Marrow stromal cells migrate
throughout forebrain and cerebellum, and they
differentiate into astrocytes after injection into
neonatal mouse brains. Proc.Natl.Acad.Sci.USA,
Vol.96, pages 10711, 10716 (1999) :

A Sanchez-Ramos, et al., Adult bone marrow stromal
cells differentiate into neural cells in vitro.
Exp.Neurol., Vol.164, pages 247 to 256 (2000)

Further documents are listed in the continuation of Box C. [ ] See patent family annex.

“T”  later document published after the international filing date or

* Special categories of cited documents:
priority date and not in conflict with the application but cited to

“A”  document defining the general state of the art which is not
considered to be of particular relevance understand the principle or theory underlying the invention
“E” earlier document but published on or after the international filing “X" document of particular relevance; the claimed invention cannot he
date considered novel or cannot be considered to involve an inventive
“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y”  document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
“Q”  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such
means combination being obvious to a person skilled in the art
“P”  document published prior to the international filing date but later “&” document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search
02 September, 2002 (02.09.02)

Date of mailing of the international search report
17 September, 2002 (17.09.02)

Name and mailing address of the ISA/
Japanese Patent Office

Facsimile No.

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (July 1998)

28




EP 1 405 906 A1

INTERNATIONAL SEARCH REPORT International application No.

PCT/JP02/06249

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

Woodbury, D., et al., Adult rat and human bone
marrow stromal cells differentiate into neurons.
J.Neurosci.Res., Vol.6l, pages 364 to 370 (2000)

1-19

Form PCT/ISA/210 (continuation of second sheet) (July 1998)

29




EP 1 405 906 A1

INTERNATIONAL SEARCH REPORT International application No.
PCT/JP02/06249

Box1 Observations where certain claims were found unsearchable (Continuation of item 1 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.: 20

because they relate to subject matter not required to be searched by this Authority, namely:
The invention as set forth in claim 20 pertains to method for treatment of

the human body by therapy.

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. [] ClaimsNos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box II Observations where unity of invention is lacking (Continuation of item 2 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. I:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable

claims.

2. [:J As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment
of any additional fee.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers

only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [ ]  The additional search fees were accompanied by the applicant’s protest.
D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (1)) (July 1998)

30




	bibliography
	description
	claims
	drawings
	search report

